Thin and robust composite membranes comprising stainless steel scaffold, fine and porous TiO 2 and polyvinyl alcohol/lithium chloride were fabricated and studied for air dehumidification application. Higher hydrophilicity, sorption and permeation were observed for membranes with increased lithium chloride content up to 50%. The permeation and sorption properties of the membranes were investigated under different temperatures. The results provided a deeper insight into the membrane water vapor permeation process. It was specifically noted that lithium chloride significantly reduces water diffusion energy barrier, resulting in the change of permeation energy from positive to negative values. Higher water vapor permeance was observed for the membrane with higher LiCl content at lower temperature. The isothermal air dehumidification tests show that the membrane is suitable for dehumidifying air in high humid condition. Additionally, results also indicate a trade-off between the humidity ratio drop with the water vapor removal rate when varying air flowrate.
Introduction
The use of membranes for isothermal dehumidification processes has vast applications in a wide array of industries including heating, ventilation and air conditioning (HVAC) [1, 2] ; dehydration of flue gas [3] [4] [5] , natural gas [6, 7] and organic vapors [8, 9] ; drying of compressed air [10] , steam recovery [9] and air treatment for packaging and processing industries.
Humid air or gas can be dried when it goes through the isothermal filtration setup [1, [11] [12] [13] as shown in Fig. 1 . In this setup, a permselective membrane is sandwiched between two chambers. One chamber is continuously fed with a stream of humid supply air. The other chamber is connected to a vacuuming system to produce a transmembrane pressure which acts as a driving force for the filtration process [1, 11, 12, 14] . When the humid air stream passes along the membrane, the water vapor is selectively and efficiently sieved out. As a result, the air becomes dried without any change in its temperature [11] [12] [13] 15] .
The operation of the dehumidification system relies largely on the mechanical and permeation properties of the working membrane. Most of the membranes thus far have been constructed in a composite structure comprising support layers and an active layer [6, 13, 14, 16] . The support layers provide the high mechanical strength and eventual chemical stability to the membrane. They are usually made of porous materials which have high permeability but no selectivity. The active layer is a thin permselective layer which determines the permeability and selectivity of the whole composite membrane. Composite membranes have higher permeability and mechanical strength than single-layer membranes with the same thickness. Therefore, the development of inexpensive and high performance composite membranes has attracted much research interest in the field of isothermal air/gas dehumidification [1, 6, [12] [13] [14] 16] .
Thus far, hydrophilic polymer [1] [2] [3] 6, 8, 12, [17] [18] [19] , ceramic materials [13] and liquid membranes [14, 16, [20] [21] [22] have been widely used for membrane active layer. Among them, hydrophilic polymer has attracted much attention due to its high water permeability and selectivity [2, 4, [6] [7] [8] 12, [17] [18] [19] [23] [24] [25] [26] . These are usually dense membranes for which water vapor transfer is based on solution-diffusion mechanism. Water molecules absorb on the membrane surface, diffuse through the membrane and then desorb at the opposite surface [25] [26] [27] . Transfer parameters such as permeance and selectivity are dictated by the membrane solubility and diffusivity properties. PVA polymer has been one of the popular choices of material for these membranes due to its hydrophilic properties, stability and ease of film formation [2, 8, 12, 19, 23, 24, 28] . The modification of PVA using lithium chloride to enhance water permeability has been reported [12, 19] . The change of the polymer structure by including LiCl has been studied by means of FT-IR, XRD and thermal analysis [19, 29] . LiCl salts disperse into the PVA matrix and weaken the hydrogen bonds between PVA chains. A complex formation was proposed between LiCl and PVA [29] with Li ions being the center cations and are weakly bonded with the oxygen atoms residing within the PVA molecules. As a result, the crystallinity of the PVA decreases with the higher LiCl contents. However, there are a lack of detailed research works on the analysis of the energies associated with water sorption and diffusion processes and how they affect the resultant water permeation. Therefore, the permeation mechanism of polymer membrane is still an area with a lot of potential for exploration.
Recently, we have developed an inexpensive, thin and highly stable metal-supported hydrophilic polyvinyl alcohol (PVA)/lithium chloride (LiCl) composite membranes using the dip-coating method [12] . In that study, experimental and modeling analyses were carried out to evaluate the performance of a vacuum membrane dehumidification system. In this study, the fundamental aspects of the water permeation, sorption, and diffusion energies are extensively studied to elucidate the role and influence of LiCl on the water transport phenomena in the membrane material. The study provides an in-depth understanding of the membrane permeation mechanism including the tailoring of the membrane properties for specific applications. The membranes were then tested in an isothermal filtration setup specially designed for air dehumidification.
Experimental

Membrane preparation
Anhydrous lithium chloride and polyvinyl alcohol (99% hydrolyzed, molar weight of 85,000-124,000) were procured from Sigma Aldrich. Fine and porous TiO 2 (Degussa P25) was obtained from Evonik Industries AG and used without further modification.
Stainless steel mesh with twilled dutch weave and 5 μm aperture was used as the scaffold.
A 5 w% TiO 2 suspension solution was prepared by adding P25 TiO 2 to distilled water and subjected to vigorous stirring. PVA solutions were prepared by dissolving PVA in distilled water to form 5 w% solution under constant stirring at 90°C. LiCl was then accordingly added to the PVA solution and stirred at room temperature for 2 h to obtain solutions with different PVA/LiCl mass ratios of 1:0 (PVA only), 5:1, 2:1, 3:2 and 1:1, corresponding to 0%, 16.7%, 33.3%, 40% and 50% LiCl content respectively.
The stainless steel scaffold was dip-coated in the TiO 2 suspension solution and then dried at 80°C for 10 min. The dipping and drying were repeated 10 times until an even white TiO 2 layer covers all the mesh holes on both sides. The mass of the TiO 2 layer was obtained to be 5 mg/cm 2 . The formed membranes were then dipcoated in the PVA/LiCl solutions and dried at 80°C for 10 min.
Multiple layers were dipcoated and dried alternately to obtain a uniform selective layer with desired permeation properties. The mass of the polymer layer with 5 polymer dips was measured to be 5 mg/cm 2 .
Membrane characterizations
The membrane morphology was observed through the scanning electron microscope (SEM). The hydrophilicity of the membrane surface was tested by contact angle measurements using KINO SL150 with measuring accuracy of 70.1˚. For each membrane, the contact angle reading was taken as the average of five equally spaced out points on the membrane.
The water vapor permeation properties of the membranes were estimated based on the cup method. The membrane with an area of 33 cm 2 was mounted on the opening of a test cup. The test cup was fully filled with dried silica gel to minimize the resistance of still air gap between silica gel and membrane. The test cup was placed in a humidity and temperature chamber so that the humidity difference between the two sides of the membrane was precisely controlled. The air inside the chamber was vigorously circulated with a strong air displacement fan to minimize boundary layer resistance on the outer side of the membrane. The accuracies of temperature and relative humidity are 70.2°C and 71%, respectively. Water vapor permeance (P) was obtained from the weight increase of the test cup [12, 30] . To study the effect of temperature, the water vapor permeations of the membranes were measured at different temperatures, assuming that the sorption property of silica gel was unchanged. From the obtained result, the water vapor permeation energy was determined. Air permeance measurements were conducted according to the ISO 15105-1 standard. The membrane was mounted on a gas transmission cell so as to form a sealed barrier between two chambers. Both chambers were evacuated. Dry air was then introduced to one chamber and the pressure in the other chamber was monitored over time. The air permeation through the specimen was determined based on the pressure change [12] . Pressure measuring resolution of 1 mbar. It was reported that N 2 permeability is independent of water content in feed gas [3, 17] . Therefore, the water vapor selectivity toward air can be estimated by the ratio of water vapor permeance to air permeance.
Water vapor sorption of the mixtures of PVA and LiCl were studied using Quantachrome Aquadyne DVS gravimetric dynamic vapor sorption analyzer. The water sorption capacity (C) is defined as
where, m e and m 0 are masses of the sample at water absorption equilibrium and dry states, respectively. The effect of temperature on the sorption property of the material was studied, and then the sorption energy was determined. Gravimeter, relative humidity and temperature accuracies are 71 μg, o 72% and 70.2°C, respectively. The dehumidification performance was tested in an instrumented experimental setup shown in Fig. 1 . A flat sheet membrane with an area of 20 cm 2 was mounted between the two chambers-feed and permeate channels. Geometry of both permeate and feed channels is W20xL100xH2.5 mm [12] . Permeate channel was connected to a vacuum pump. Permeate pressure was set at 1 mbar and monitored by a pressure gauge (Omega DPG1000B, accuracy o 70.35%). In the feed channel, an inlet humid air with relative humidity (RH) of 90% and humidity ratio of 17 g water vapor/1 kg air was passed over the membranes at room temperature of 24°C. The flow rate of the inlet air was controlled using a suction pump and a Kobold KFR2113N0 flow meter with the measurement error of 0.05 L/min. Vaisala HMT338 humidity and temperature transmitters with temperature and relative humidity accuracies of 70.2°C and 71% were placed at the inlet and outlet of the feed chamber to measure the change in the water vapor content of the feed air after it passes through the membrane test chamber. The dehumidification performance was calculated based on the humidity ratios at the inlet (ω inlet ) and outlet (ω outlet ) as follows:
A numerical model was developed for this membrane setup following our recent report [12] . There is a good agreement between experimental results and simulated data shown in Fig. 10 .
Results and discussion
Membrane characterization
Membrane morphology
In order to design and fabricate a thin and robust membrane for isothermal dehumidification, which can resist deformation caused by high transmembrane pressure and other physical/chemical/biological corrosions, stainless steel wire mesh ( Fig. 2(a) ) is used as a scaffold for the membrane. Due to the weave structure of the mesh, there are micron-sized gaps between the wires. Hydrophilic TiO 2 were coated as a low resistance intermediate layer to fill the gaps, as shown in Fig. 2(b) . TiO 2 powder is selected because it is an abundant, inexpensive, environmental friendly, chemically and physically stable material. It is also highly compatible with the polymer and the mesh. Additionally, it has negligible effect on the water vapor permeability and selectivity of the polymer layer.
A thin, smooth and free of defect layer of hydrophilic polymer was successfully coated on the TiO 2 intermediate layer shown in Fig. 2(c) . Cross-section of the composite membrane with 5 polymer dips is shown in Fig. 2(d) . Both TiO 2 and polymer cover fully both side of the wire mesh. From the cross-sectional SEM image, it is apparent that the TiO 2 and polymer layers are indistinguishable. This suggests that a part of polymer has penetrated into the TiO 2 layer. The total thickness of the membrane was measured to be 180 μm while the thickness of the TiO 2 /polymer composite layer on each side of the mesh was measured to be 23 μm. The synthesized membrane can withstand significant mechanical forces under varying operating conditions, such as transmembrane pressures up to 1 bar, with no physical damage detected. Because LiCl is a non-volatile compound, the leaching of LiCl is negligible and, therefore, the long-term stability of LiCl in the membrane is high.
Water vapor permeation and selectivity
Water vapor permeation and selectivity measurements of the individual membrane layers showed that the membrane selectivity is mainly derived from the top polymer layer. The water vapor permeance and water/air permeance ratio of the membranes with different number of polymer dips are shown in Fig. 3 . As the number of polymer dips is increased, lower water vapor permeance and higher water selectivity is observed. The water permeance trend is reasonable since the thickness of the perm-selective layer increases with higher number of polymer dips. The effect of polymer dips is more prominent on selectivity, as the water/air permeance ratio increases by almost four orders of magnitude as the number of layers is increased from 1 to 7, as depicted in Fig. 3 . Therefore, increasing the number of polymer drastically reduces non-selective pathways by covering any macrosurface defects of the membrane. Membranes with five dips have sufficiently high permeability (300,000 barrer) and selectivity (2800) for efficient use in dehumidification testing since the air permeation loss through the membrane becomes negligible.
Membrane hydrophilicity
The hydrophilicity of the membranes with varying content of lithium chloride was evaluated through their contact angles measured between the water drops and the membrane surface. The changing of contact angles due to varying LiCl content is shown in Fig. 4 .
Adding of lithium chloride lowers the surface contact angle. This indicates an increase in hydrophilicity of the top polymeric layer. LiCl, a strongly hygroscopic substance, when added to PVA increases the water vapor affinity of the polymer. This is one of the factors which benefits the membrane permeability. The other factor affecting the dehumidification performance is the water diffusivity through the bulk membrane material. The sorption property of the membrane is further studied in the next section.
Water vapor permeation and sorption property
The relative humidity of the feed air and LiCl content strongly influence the permeability and soprtion property of the membranes. The effect of relative humidity on the membrane's water vapor permeance and absorbability with different LiCl contents was investigated under a temperature of 24°C. The membrane permeance increases with higher RH of the feed air and LiCl content, as can be seen in Fig. 5(a) . Similar effect of RH has been observed for other polymeric membranes documented in literatures [3, 30] . Similarly, the water sorption capacity, C, also increases with higher RH and LiCl content. It is apparent that the water vapor permeability is proportional to the water content in the polymer [31] . This is because adsorbed water disrupts the hydrogen bonding between the polymer chains, swells up the polymer, and increases the polymer chain mobility [17, 19] , resulting in higher water diffusion rate. High water vapor permeance at high RH is advantageous for this membrane employed under humid condition. However, low water vapor permeance at low RH limits the use of this membrane to achieve low humidity of the product air.
Thermodynamics of water vapor permeation, sorption and diffusion
Permeation energy
The water vapor permeance (P) through membranes with different LiCl contents for varying temperatures, with fixed relative humidity, is shown in Fig. 6(a) . For temperatures ranging from 24 to 40°C, considered the typical temperature in tropical climate, the water vapor permeance increases with higher content of LiCl.
As far as temperature dependence is considered, the trends for the permeation changes are not the same for all the membranes. It gradually varies from going up to going down with higher temperature when the LiCl content is increased from 0 to 50%. These results provide a deeper insight into the effect of adding LiCl on the membrane structure and to resulting transport properties. The temperature dependence of the membrane permeability is well described via the Arrhenius-van't Hoff equation [8] :
where E P is the activation energy of water permeation for the membrane, P is the permeability, P o is the pre-exponential factor, R is the molar gas constant and T is the temperature in Kelvin. The plots for the logarithm of water vapor permeance against the reciprocal temperature for the membranes containing different LiCl contents are displayed in Fig. 6(b) . The permeation energies for the membranes are obtained from the line gradients, and are plotted in Fig. 7 .
The computed permeation energies demonstrate the membranes' unique behavior with different LiCl contents. The pure PVA membrane has a high positive activation energy of permeation. With increasing LiCl content, the activation energy decreases and then becomes negative. This result supports the solution-diffusion mechanism, in which water dissolves in the membrane material and diffuses through the membrane down the pressure gradient. The water vapor permeation energy (E p ), which is the summation of the water vapor sorption enthalpy (E s ) and water diffusion energy (E d ), is provided as follows:
Since the water sorption of hygroscopic materials is an exothermic process, it is expected that E s is negative. Meanwhile, E d is positive because diffusion always increases with higher temperature. Therefore, the temperature dependency of the overall water vapor permeation is the net result of two opposite effects of temperature on diffusion and sorption.
Sorption and diffusion energies
In order to determine the energy associated with the water vapor sorption process, E s , the PVA/LiCl mixtures' isotherms were measured at different temperatures. The isotherms of PVA/LiCl mixture with 40% of LiCl at different temperatures are shown in Fig. 8(a) .
E s is calculated using the Clausius Clapeyron equation [32] :
where P w is vapor pressure of water at equilibrium state, and Cnt is a constant. Water sorption energy at different sorption capacities is obtained from the slope of the plots, ln(P w ) versus 1000/T, shown in Fig. 8(b) . Every water sorption capacity value corresponds to one specific RH value in an isotherm at a certain temperature. Therefore, the dependence of the calculated sorption energy on RH for a membrane with 40% of LiCl at 30°C is shown in Fig. 8(c) . To compare the sorption energies with the permeation activation energies that are determined at RH of 70%, the sorption energies at the sorption capacities corresponding to RH of 70% were determined and are displayed in Fig. 7 . It is noteworthy that though the equilibrium sorption capacity of the PVA/LiCl mixture increased markedly with higher LiCl content (Fig. 5(b) ), the energy released in the water sorption process changed marginally from around 40 to 50 kJ/mol.
Diffusion energies with different LiCl contents are calculated using Eq. (4) from the corresponding permeation activation energies and sorption energies and are shown in Fig. 7 . It is observed that the diffusion energy barrier reduces by more than 3 times when the LiCl content changes from 0 to 50%. Additionally, due to the fact that sorption energy varies within a small confined range, the decrease in permeation energy is largely due to the decrease in diffusion energy.
As far as low LiCl content membranes is concerned, at higher temperatures, the increase in diffusion rate dominates over the drop in sorption rate, resulting in higher water permeance. In contrast, the water vapor permeance of membranes with high LiCl contents decreases with higher temperature because the increase in diffusion rate is unable to compensate the decrease in absorption rate. As a result, higher water permeance is observed for membranes with higher LiCl content while operating at lower temperature. Because membranes with LiCl content higher than 50% are easily liquescent, they are physically unstable. As shown in Fig. 6(a) , the membrane with a LiCl content of 50% has the highest water vapor permeance at temperatures below or equal to 40°C. This membrane is deemed to be highly suitable for dehumidifying air in tropical climates. However, for applications needing higher operating temperatures, membranes with LiCl content of around 33% will have higher water permeance. These membranes provide consistent high moisture permeation for a wide range of temperature, because they have the permeation energy of zero.
Dehumidification testing
Effect of LiCl content and feed air humidity
The driving force for water vapor to permeate through the membrane is the difference in partial pressures between the feed and the permeate sides. Since the water vapor partial pressure of the feed air is low, at 27 mbar for the experimental condition, to obtain a significant level moisture of removal, the permeate pressure has to be below 27 mbar [12] . In our dehumidification tests, a permeate pressure of 1 mbar was employed.
The overall effect of LiCl content and feed air RH on the maximum moisture removal performance can be seen in Fig. 9 . Generally, there is a linear increase in moisture removal performance at higher LiCl content. This is attributed to the increase in the water vapor permeation through the polymer as shown in Fig. 6  (a) . Better dehumidification performance is also detected at higher feed RH. This observation is attributed to the increasing water vapor permeance caused by a higher water vapor content shown in Fig. 5(a) . This result indicates that the membrane performs better in high humidity condition such as in tropical climate.
Effect of feed airflow rate
Air flowrate is one of the key operating factors affecting the performance of membrane systems. Fig. 10(a) shows that the dehumidification performance of the membrane containing 33% LiCl depreciates when air flow rate is higher. This is due to the shorter contact duration between the membrane and the feed air being treated. Similar observations are evidenced in the literature [25] .
Unlike dehumidification performance, the flux of water vapor sieving through the membrane increases with higher air flowrate, as shown in Fig. 10(b) . This is consistent with a reported result highlighting that increasing feed air flowrate leads to higher water vapor permeation [25] . Increased air flowrate leads to a thinner air boundary layer on the feed side of the membrane, resulting in a lower air resistance which favors the transport of water vapor. The other reason is that the partial water vapor pressure in the feed stream, and thus driving force for water vapor transmission, maintains at higher values when the air flowrate is increased as shown in Fig. 10(c) .
From the average water vapor flux through the membrane, the apparent water vapor permeance was determined and is shown in the second y axis on the right side of Fig. 10(b) . The result indicates that the apparent water vapor permeance of the membrane in the working condition is smaller than the maximum water vapor permeance at the same temperature and RH conditions shown in Fig. 5(a) . It means that the membrane is expected to achieve its maximum permeance only at very high air flowrates. However, at this high flowrate, its dehumidification performance is very low.
Thus far, it can be inferred from the results that there exists a trade-off between dehumidification performance with the water vapor removal rate when varying air flowrate. When a large change in humidity is desired, such as in the treatment of outdoor humid air before entering a room, low air flowrates are necessary to achieve effective dehumidification. When high water vapor removal rates are desired, such as during the treatment of humid air in a confined space, higher air flowrates are appropriate.
Conclusion
Hydrophilic composite PVA/LiCl membranes with LiCl content varying from 0 to 50% were fabricated on a flexible wire mesh support and low resistance intermediate TiO 2 material. The developed membranes were thin, physically and chemically stable with a high degree of water vapor permeance and selectivity. The addition of LiCl improves both water sorption rate and diffusion rate, resulting in high water vapor permeation. As LiCl content increases from 0 to 50%, the water vapor permeation energy changes from positive to negative values due to the large drop (more than 3 times) in diffusion energy barrier. The dehumidification performance of the membrane was also studied under different inlet air conditions. There exists an apparent trade-off between dehumidification performance and water vapor removal rate, as a result, the operation feed air flowrate should be judiciously selected based on practical needs.
